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While values for the mean concentration of hemoglobin in the mammalian 
red cell are given as a matter of course, the variation of the concentration about 
the mean has not been measured, although there is reason to believe that the 
hemoglobin concentration, like other properties of the red cell, varies from cell 
to cell, and although there is reason to think that the variation may be greater 
in some populations of red cells than in others. This paper is concerned with 
the description of a method by means of which the hemoglobin concentration 
in the individual red cell can be measured, at least approximately, as a function 
of the optical density of the cell. It will also describe certain technical difficulties 
encountered during the development of the method, and some of the results 
obtained. 
1. The Measurement  of the Optical Density of Individual Red Cells 
Washed human red cells were converted into spheres by being placed between 
closely opposed  slides and  coverglasses,  the  preparations  being  sealed  with 
vaseline. Photographs of each of a  number (50 to 80) of red cells were taken, 
using an optical system with an oil immersion objective of N.  A.  1.3  and a 
condenser with an aplanatic aperture of N.A. 0.9. The light source was an Hg 
arc with Coming 512 and Wratten G filters (isolating the green line at 5461 A), 
fitted with a large aplanatic condenser, and used so as to give critical illumina- 
tion with the image of the incandescent tube of the arc lying in the object plane. 
The depth of focus of this system is about 0.6 #. The camera used was an Erb 
and Gray visicam, which  takes  35 ram. film (super XX),  and  by means  of 
which the object is visible almost up  to the moment of exposure. The final 
magnification of the object, as seen on the film, was 380, a spherical red cell of 
diameter 5.75 #  giving an image 2.2 ram. in diameter. The film was developed 
at  a  standard  temperature for a  standard  time with D  60 A  developer, the 
temperature and time being selected so as to give linear H  and D  curves? 
* This investigation was carried out under Army Contract No. DA-49-007-MD-458. 
1  H  and D curves, originated by Hurter and Drittield,  are curves in which optical 
density is plotted against the log of the exposure time. For a modern description of 
technique, see Shillaber, C. P., Photomicrography, New York, John Wiley  & Sons, 
Inc., 1944. 
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The  density measurements  were  made  directly from  the  developed  film 
negatives; later in the investigation, it was found advisable to print the nega- 
tives so as to be sure that the cells were in focus (see description below). The 
roll of film was placed in one cassette and rolled into another cassette, the two 
cassettes being mounted about 5 cm. apart on a glass slide held on the moving 
stage of a microscope with a photocell attached. The individual cells on frame 
after frame were brought into view, and cells known to be in focus were selected 
for the density measurements; in practice, it was found best to number each 
cell individually. 
Light was supplied to the microscope, fitted with its photocell, by a  lamp 
attached to a voltage stabilizer with a variac in series,  so that the intensity of 
the light could be adjusted for each film. The adjustment was made so that the 
optical density of the backgrourut  of the film, on which the images of the cells 
appeared, was 0.4. The reason for this adjustment is that a red cell may, because 
of considerations of focus (see  text below) appear lighter or darker than its 
background;  the  setting of D  =  0.4  also  gives maximum scale  sensitivity. 
Krhler illumination was used in the optical system for measuring the optical 
density of the cells and their backgrounds, the diaphragm of the microscope 
condenser being stopped down so that only the field under examination was 
illuminated. 
A Photovolt multiplier-photometer was used for making the measurements 
of optical density. In order to center the cell to be measured, the microscope 
used in conjunction with the photometer was fitted with a  cross-hair ocular 
and removable centering objective mounts. A red cell was first centered under 
low power (25 mm.) on the cross-hairs. The low power objective was then re- 
placed by a  high dry objective (4 ram.); the ocular was replaced by the photo- 
cell, and the optical density was measured. Since the approximate diameter of 
the image of the spherical red cell is 2.2 mm., and the diameter of the field of 
the 4 mm. objective is about 0.3 ram., the optical density measured is that of a 
core with a diameter of 0.79 # passing through the center of a sphere of approx- 
imately (but later measured exactly) 5.75 # in diameter. 
The optical density of each cell can thus be compared with that of its im- 
mediate background, the latter corresponding to 100 per cent transmission of 
the light passing through the optical system under the conditions prevailing 
when the individual cell was photographed. The fundamental relations between 
density and transmission is 
D~ -- l), ~  --log T~ 4- log Tc 
in which Db and Tb are the optical density and the transmission of the back-  , 
ground, and where Dc and 2", are the optical density and the transmission as 
measured through the core of the spherical red cell. If D~ -- D, is positive, the 
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than the background. Here the terms lighter and darker apply to the negatives 
from which the optical density measurements are made; if the optical densities 
and transmissions were made by some direct method which did not involve 
photography e.g. conceivably by restricting the field of the microscope so that 
the core of the cell filled all of it, and then allowing  the transmitted light to 
fall directly on a photocell, the signs would be reversed. 
2. The E~ect of Focus 
After the first set of measurements of the relative optical densities of indi- 
vidual spherical red cells and their neighboring  backgrounds had been made, 
it became clear that the effect of a cell's not being in perfect focus was greater 
than appeared at first sight. Attention was called to this because each measure- 
ment of the optical density of a cell was accompanied by a measurement of the 
cell diameter, and it was found that many of the cells which appeared to be in 
focus were surrounded by larger diffraction rings than ought to be found with 
the optical system used, and also that some of them showed a  bright central 
spot. Examination of the material in greater detail, especially when the nega- 
tives had been printed,  led to the conclusion  that there is an element of un- 
certainty when spherical red cells, with a diameter of about 5.5/~,  are focused 
by eye before being photographed, and when the depth of focus of the optical 
system is as small as 0.6/~. 
To  study  the  effect  quantitatively,  20  spherical  red  cells  were  photo- 
graphed by a process of optical sectioning, the objective  being focused on planes 
beginning  at about 20/~ below the plane in which the cell lay, passing through 
the plane in which the cell seemed to be in perfect focus (where the periphery 
of the cell is the sharpest),  and then being focused on planes above that  in 
which the cell lay. As the plane in which the cell appeared to be in perfect 
focus was approached, and as the obiective was focused on planes higher than 
this, the focus was changed by steps of 1/z; when the objective was focused on 
planes much above or much below the plane in which the cell lay, the focus was 
changed by 5 #  steps. All the changes in focus were brought about by appro- 
priate changes in the setting of the scale on the fine adjustment. Optical density 
measurements for the core of the cell and for the neighboring  background were 
made for all the cells in all the planes, and the relative optical density Db -- Do 
was plotted against the distance in/~ from the plane of perfect focus; this is 
indicated byf in Fig. 1, and was decided upon by examining  enlarged  prints 
made from the film negatives. 
When sufficiently  out of focus in either direction, no image of the cell was 
obtained, and so Db =  De. Starting with the objective focused 25 # below the 
plane of perfect focus, and bringing it into higher and higher focal planes, D~ -- 
D~ for the core of the cell first assumed a larger negative value, and then the 
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mission of about 70 per cent of the incident light when the cell was in perfect 
focus; i.e., at the pointf in Fig. 1. As seen on the negative, this means that in 
planes  somewhat below  the level of perfect focus,  the center of the cell is 
whiter than it is at the point f, which again means that less incident light 
seems to be transmitted. As the objective was brought into still higher and 
higher focal planes, the negative value of Db -- D, continued to decrease, until 
Db and D, became equal when the plane of focus was about 2 # above the plane 
of perfect focus. Raising the objective still further resulted in Db  --  1), becom- 
ing positive, the center of the cell being darker than the background, when in 
turn means that more than 100 per cent of the incident light appears to be 
transmitted. This is the "lens-like" effect, marked l in Fig. 1, produced by a 
spherical red cell lying below the plane on which the objective is focused. 
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FIO. 1.  To illustrate the effect of focus. Ordinate,  D,~-Dc; abscissa, levels of op- 
tical sectioning below and above the level of perfect focus, f. l, the lens-like effect; 
for further description, see text. 
Since the depth of focus of this optical system is about 0.6/~, and since it 
can  scarcely be  reduced below  that figure, any value of Db  --  Dc between 
--0.13  and  -0.18  can  be  used  to  calculate  the percentage  transmission of 
incident light by a red cell "in perfect focus," i.e.  the percentage transmission 
might be anything from 66 to 74 per cent of the incident light, a possible and 
irreducible error of 8 per cent in transmission being involved. If the cell is not 
in  "perfect focus," the possible errors may become very large indeed. This 
point must be of considerable importance in those cytological techniques in 
which the quantities of various cytoplasmic components are deduced from the 
extent to which they absorb light of various wave lengths, since the results 
will be influenced by whether the material is in perfect focus or not. 
The large value for the percentage of incident light apparently transmitted 
by the spherical red cell confirms an observation made by Robinson (1941), and 
obtained by entirely different methods in the course of an investigation of the ERIC PONDER  AND  DELIA BARRETO  27 
alleged absence of the Soret band when light is passed through red cell suspen- 
sions (see  Adams, Bradley, and McCallum, 1934, and the explanation given 
by Keilin and Hartree (1941)  and  by Rubinstein and Ravikovich (1946)  for 
the suppression of the Sorer band under these conditions). 
3. The Function f  (Hb) 
The greater the concentration of Hb in an individual red cell, the greater the 
value of (D~ -  D+); the thicker the core, 2r, of the same cell through which the 
measurement of optical density is made, the greater the value of (Db -- Do). A 
convenient way of correcting the value of (Db --  De) for the thickness of the 
core is to measure the radius r of the spherical cell, and to express (Db -- Dc)/r 
asf (Hb), which, if Beer's law applies, will be linear with the Hb concentration 
in the individual red cell. The thickness of the core, 2r, was measured for each 
serially numbered red ceil; for convenience it is given as the diameter of the 
spherical red cell as seen on the film, e.g., a radius r of 0.1 era. measuredon the 
film at the magnification  used (380) corresponds to a diameter 2r or 2 X  2.63 or 
5.26 #. This approximation assumes that transmitted, but not scattered light, 
is being measured, that the optical densities are on the linear part of the H and 
D  curves relating optical density to time of exposure, and also that Beer's law 
is obeyed in the concentrations in which Hb exists in the intact red cell. These 
approximations, while somewhat debatable, are relatively unimportant because 
the variance of f  (Hb) is quite small; the distribution of f  (Hb)  =  (D~ -- D,)/r 
is accordingly at least a fairly good approximation to the distribution of the Fib 
concentration in individual red cells. 
4. Results 
1. Fresh Red Calls in ACD Solution.S--The values off (Hb), defined above, 
are shown in Fig. 2 A. The mean value is 2.03,  with a  standard deviation of 
-4- 0.11. This corresponds, if the accepted value for the mean corpuscular Hb 
concentration is used, to a mean of 35 per cent Hb with a standard deviation of 
-4-1.9 per cent. The coefficient of variation off (Hb), or of the concentration of 
Hb in individual red cells, is accordingly only about 5.5 per cent. The extreme 
values met with for the corpuscular Hb concentration are 29 and 42 per cent. 
These figures are based on measurements of 49 red cells. 
2. Human Red Cells Kept for 6 Weeks in ACD Solution at 4°C.--The mean 
value of f  (Hb)  is 2.06,  i.e.  scarcely changed, but the standard deviation is 
-+-0.19, or almost double that found for fresh red cells (Fig. 2 B, based on the 
measurement of 49 cells).  In terms of mean corpuscular Hb concentration, the 
ACD solution is composed of trisodium citrate +  2 H20, 1.66 gin.; citric acid + 
H20, 0.6 gin.; anhydrous dextrose, 3.7 gin.; and water, 125 ml. It is used in the ~ro- 
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mean value is 33.5 per cent with a coefficient of variation of 9.3 per cent. The 
increase in  the  scatter of the distribution  is probably due  to  there being a 
greater variation in the value for 2r, the length of the core through which the 
density is measured, in the case of the stored red cells.  An increased variation 
in the values of 2r would be produced by swelling of some of the cells in the 
stored blood and shrinking of others; i.e., by the obscure volume changes which 
are known to occur (Ponder, 1951). 
3.  Fresh  Human Red Cells in  Heparinized  Blood.--This  distribution  (Fig. 
2 C, based on the measurement of 80 red cells) is included in order to show the 
extent to which a  change in the anticoagulant can change the frequency dis- 
tribution. The mean value off (Hb) is still about the same, 2.08 or 36 per cent, 
by the standard deviation is -4-0.22; i.e., f  (Hb) for fresh cells in heparinized 
N  N 
24  A  24 
16  16 
8 
4 
1.6  1.8  2..O ~  ~4 
N 
24 
1.6  1.8  ~,D  2.2  ~.4 
C 
£fil.8/.ogg  g4 ~ 
~FIG. 2.  The distribution of a function f  (I-Ib), proportional to the concentration 
of Hb in the individual  spherical red ceil. A, fresh human red ceils in ACD solution; 
B, human red ceils kept for 6 weeks in ACD solution at 4°C.;  C, fresh human red 
cells in heparinized  blood. 
blood is distributed likef (Hb) for cells which have been stored in ACD solution 
for 6 weeks at 4°C. Again, volume changes rather than changes in the corpus- 
cular Hb concentration are probably responsible for the increased scatter, but 
the doubling of the scatter calls attention to the danger of assuming that the 
corpuscular Hb concentration varies in one type of system in the same way as 
it varies in another. 
S~ARY 
This  paper  deals  with  measurement  of  the  hemoglobin  concentration  in 
individual human red cells,  the concentration being measured as a function of 
the optical density, at 5461  A, of the central part of the cell in its spherical 
form. A number of technical difficulties, principally concerned with the effects 
of focus, have been met with,  and  these are described in detail.  The results 
show  that  the  coefficient of  variation  of  the  hemoglobin  concentration  is 
relatively small  (about 5.5 per cent) in the case of fresh human  red ceils in ERIC PONDER  AND  DELIA BARRETO  29 
ACD  solution, that the coefficient of variation is almost doubled when the 
red cells have been stored for 6 weeks at 4°C. or when heparin is used as an 
anticoagulant  instead  of  ACD  solution,  but  that  the  average  hemoglobin 
concentration is substantially the same in all three cases. The increase in the 
coef~dent of variation found when the red  cells  have been  stored or when 
heparin is used is probably due to volume changes, some cells shrinking while 
others swell. 
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